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SUMMARY

Lift,drag,andpitching-momentcharacteristicsfora wing-body
combinationarepresentedthroughouta Machnuniberrangefrom2.49to i
3*53.Thewinghadanasyectratioof 3.1,a sweepbackoftheleading ‘
edgeof19.1°,a taperratioof0.39,anda biconvexprofilewitha *
thicknessof3 percentof thechord.Lineartheorywithaccounttaken
ofthemutualinterferencebetweenthewingandthebodygavea good
estimateofthevariationof theliftandpitching-momentcurveslopes
withMachnumber.

Photographstslcenduringa visusl-fluwstudyby thesublimation
technique are presentedforthemodelequippedwithvarioussizesof
single-elementroughness.At a Machnuniberof3.53 andReynoldsnumber
of1.3x10e,noneoftheroughnesselementstestedwereeffectiveinQro-
ducingtransition.Thetestsindicatedthata single-elementroughness
largeenoughtofixtransitionat theelementwouldcreatea bag incre-
mentoverfourtimestheadditionalskin-frictiondragassociatedwith
theincreasedextent of turbulentboundarylayer.Eachroughnesselement
producedwhataypearedtobe smallregularlyspacedstreatr(wisevortices
intheboundarylayer.

INTRODUCTION

A programis currentlyinprogressin
btiationisbeingtestedthroughouta Mach
highsupersonicspeedsinvariouswindtunnelsatAme6Aeronautical
Laboratory.Theseinvestigationslwvebeenconductedprimrilytopro-
videexperimental.forceandmomentdataovera largeMachnumberrange
andtoprovideinformationforcomparisonsofdataobtainedat thessme

I

whichthesamewing-bodycom-
numberrangefromsubsonicto

*Title,Unclassified.
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MachandReynoldsnumbersfromthesamemodelindifferentwindtunnels.
Experimentalresultsfromsomeoftheinvestigationsreporteduponthus
fararecontainedinreferences1 to5. Forceandmomentdataarepre-
sentedhereinthroughouta Machnumberrangefrom2.49to 3.53.

Inseveralsupersonicwind-tunnelinvestigationsithasbeenthe
practicetoproduceboundary-layertransitiononthemodelnearthewing
leadingedgeinsm attemptto obtainflowrenditionswithintheboundary
layerbelievedtobe morerepresenta’tiveofflightconditions.At Mach
numbersbelowabout2.5considerableinformationexistsontheminimum
sizeofroughnesselementrequiredtoproducetransitiononbodiesof
revolutionandonwings(e.g.,refs.6 and7), butonlya limitedamount
of informationisavailableat thehigherMachnumbers.Toprovidesome
informationontheroughnessrequirementat a Machnumberof3.53, results
froma visual-flow study are presentedforthemodelequippedwithvarious
sizesof single-elementroughness.

NOTATION

%

c%
%
Gn

(%)dCm
r ~=o

b

E

lift

lift

drag

liftcoefficient,—C@

curveslopemeasured

coefficient,L&#

.

at a=OO

pitching-moment

pitching-moment

pitchingmoment
coefficient, C@5

curveslopemeasuredat ~ = O

wingspan

f

b/2
C2W

omeanaerodynamicchord, ~blz

-.

localchord

d

w



ItMARMA58E21a
b

M

R

s

Y

a
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Testswereconductedin

fromthebcdyaxis
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AJ?PARATUS

wind Tunnel

the8- by T-footsupersonictestsectionof
theAmesUnitaryPlanWindTunnel.TheMachnuniberinthistestsection
canbe setatanyvalue from2.5to 3.5by themovementofflexiblenozzle
wsllswhilethewindtunnelis inoperation.Thepressureisautomati-
c~y maintainedat anyselectedvalue between5 and55 inchesofmercury
absolute.A moredetaileddescriptionofthiswindtunnelisgivenin
reference8.

Model

Themodelconsistedofawing-bodycombinationand
six-componentstrain-gagebalancewhichwasattachedto
A photographofthemodelmountedinthewindtunnelis

wasmountedona
a stingsupport.
showninfigure1.

Th=wing= an aspectratioof 3.1, a taper ratio of0.39, * a leading-
edgesweepbackof19.1°.Thewingprofilewasbiconvexwitha maximum
thiclmessof3 percentofthechord.Theequationgiveninfigure2,
whichdefinesthebodyofrevolution,wasderivedbyW. R. Searsand
W. Eaackandsatisfiesthetheoreticalcriteriaforrein-wave drag
at supersonicspeedsfora closedbodywitha givenlengthandvolume.
Completedimensionaldataforthemodelaregiveninfigure2.

&l@”
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TEST!METHODSANDTEC!ENIQUES
.

Force-TestVariables

Measurementsof theforcesandpitchingmomentsatMachnumbersof
2.49, 2.78, 3.06, 3.29, and3.53 weremadeby mesnsofa six-component

—

electricalstrain-gagebalance.ForeachMachnumberthetestswerecon-
ductedatReynoldsnumbersof1.3and2.5million.Inorderto increase
thepositiveangle-of-attackrangethemodelwassupportedona sting
whichhada bendeagleof13°. Foreachtestconditionthemodelwas
pitchedthroughan angle-of-attackrangeof -1.00 to27.7°.

ReductionofData

Corrections.-Theaxialforcesused
wereadjustedto theconditionofhaving
onthebaseofthemodel.

to-computethedragcoefficients
thefree-streamstaticpressure

●

An incrementalMachnumberwasaddedtothenominallhchnumber
settingtoaccountforthesmalllongitudinalgradientofMachnumberin
thewindtunnel.TheMachnumbervariationalongthetunnelcenterline

.

overthemodellengthwaslessthen0.05.
—

TheMachnumberspresentedin
thefiguresare
intersectionof

Accuracy.-
oftheread-out

forthelongitudinalstationwhichcorrespondstothe —.
thewireleadingedgeandthebodysurface.

Theaccuracieslistedbeloware
equiyentandtherepeatability

CL *O.015

% ko.oo4

% *o.0013

a *o.05°

M *O. 01

R *o.05xlo6

RoughnessSizes

basedontheleastcounts
ofthemeasuringsystems.

Ingeneral,astheMachnumberincreasesand/or
perunitlength-decreases,theelement size requi’md

m-
.
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Reynoldsnumber
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increases,as indicatedby references6 forbodiesof revolutionand7
u forwings.Althoughnotstrictlyapplicable,thesereferenceswereused

as a guideintheselectionofelementsizesforthepresentinvestiga-
tion. Accordingly,0.032-, 0.051-, 0.063-, and0.093-inch-diameterwires
wereattachedto thewingsurfacesatthechordwisepositionsshawnin
figure3. The0.063-inchroughnesselementcorrespondsap~roxim.telyto
thesizerequiredto fixtransitionattheelementat a Machnuniberof
3.53andaReWolds ntier of1.3million,accordingto am extrapolation
ofthedataofreference7. This choiceofWch andReynoldsnumbers
representedthemostseveretestconditionforfixingtrsmitionofthose
coveredintheforcetests.onlythe0.063-inchroughnesselementwas
investigatedonthebodyat thelocationshowninfigure3.

Visual-FlowTechnique

Thesublimationtechniqueof reference9 waschosenas thesimplest
sndthebestsuitedmethodofflowvisualizationforthetestconditions
encounteredinthepresentinvestigation.In selectionofthesublimable
material.,thethe requiredtobringthewindtunnelup to operatingcon-
ditionsisan importsntfactor,about40minutesforthepresenttests;
thematerialselectedwasazobenzene(C&N:NCe~). Toprese~ethe
lacquerfinishonthemodelpetroleumetherwaschosenasthecarrying
agent.

Therateof sublimationisaffectedlythelocsltemperatureofthe
sublimablesolidandby theshearnearthematerial.Therefore,the
sublimerevaporatesmorerapidlyfor
a lsminarboundarylayerexceptnear
shearishigh.

RESULTSm

a turbulentbounda~layer-thanfor
thewingleadingedgewherethe

DISCUSSION

AerodynamicCharacteristics

Thelift,drag,pitching-moment,andlift-drag-ratioresultsat two
ReynoldsnumbersarepresentedthroughouttheMachnumberrangeof2.49
to 3.53infigure4. Summaryplotsof importantaerodynamiccharacter-
isticsasa functionofMachnumberarepresentedinfigure5. Sincea
chge inReynoldsnumberfrom1.3to2.5millionhada negligibleeffect
ontheresult,a singlecurveIspresentedforbothReynoldsnumberson
thesummaryplots.To indicatethegeneralagreementbetweenthepres-
entresultsandthosefromanotherfacility,datafromreference1 have
alsobeenincludedinfigure5. Inaddition,theaerodynamiccenterand
theliftcurveslope,calculatedby thelineartheoryofreferences10
snd11,arealsoshowninfigure5.
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Lineartheorygavea goodestimateofthevariation
pitching-momentcurveslopeswithMachnumber.However,
betweentheexperimentalandtheoreticalvaluesofthese
noted.

NACARMA58E21a
s

Of liftand
smaU differences “.
slopescanbe

At a constantliftcoefficient,thedragcoefficientincreasedabout
35percentwithanincreaseinMachnumberfrom2.49to3.53. Themaxi-
mumlift-dragratiodecreasedfromabout6.oto4.8 overthissameMach
numberrange.Inspectionofthedragresultsindicatesthattheinduced
dragduetoliftwasapproximatelyequalto thelifttimestheangleof
attack,theexpectedresultfora winghavinga supersonicleadingedge.

Visual.-fluwstudies,describedhereinafter,indicatedthatlamlnar
flowexistedovertheentirewingat a = 0°anda Machnumberof3.53,
theonlyMachnumberatwhichthesestudiesweremade. No forcemeasure-
mentsarepresentedforthemodelwithroughnesselementsattachedtothe
wingsurfaces,sincepreliminaryforcetestsindicatedthattheelement
sizerequiredtofixtrsasitlonattheelementwouldcreateanexcessively
lsrgewavedrag.Althoughthelargestroughnesselementinvestigated,
the0.093-inchelement,didnotproduceturbulentflowovertheentire
wing,thiselementcreateda dragincrementwhichwasaboutfourtimesas
largeasthedragincrementestimatedforthedifferencebetweenhaving
completelyturbulentandcompletelylaminarflowonthewing. *

Visual-FlowStudies

Sublimationphotographstakenwiththemodelat a = 0° atcertain
timeintervslsafterthewindtunnelwasbroughtup to operatingspeed
andpressurearepresentedinfigure6. Thetime intervals are shownon
each photograph.

Figures6(a)and6(b)indicatethatlaminarflowexistedovernearly
theentire“smooth”wingateitherReynoldsnumberexceptnearthewing-
bodyjunctureandthewingtip. At thelowerReynoldsnumberof1.3mil-
lioneachroughnesselementappearedtobe ineffectiveinproducinga
turbulentboundarylayeroutsideoftheshockwavewhichemanatesfrom
thebodynoseandtohavequestionableeffectivenesswithinthisbow
wave. At thehigherReynoldsnumberof2.5million,thethreeroughness
elementsproducedtransitionat theelementwithinthebowwaveandat
somedistancebehindtheelementoutsidethewaveas evidencedby fig-
ures6(b)and6(d).Althoughthephotographsat a Reynoldsnumberof
2.5millionweretaken24minuteslaterthanthoseata Reynoldsnumber
of1.3 million, becauseof the time required to increase the Wind-tunnel
pressure,completetimehistoriesofthesublimationprogressionindicate “
thatthephotographsat thehigherReynoldsnumberareindicativeofthe
flowconditionsexistingonthewingatthisReynoldsnumber.Differences “
intheeffectivenessoftheroughnessinproducingtransitionoutsideof —
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andwithinthebowwavecanbe attributedto theexistenceofhigher
localReynoldsnuniberswithinthiswavebecauseofthedensitychanges
andtheexcitationofflowfluctuationsassociatedwiththeflowthrough
thebodybowwave. The0.C%3-inchroughnesselementonthebodynose
fixedtransitionapproxhatelyhslfwaybetweentheelementandthewing-
bodyjunctureata Reynoldsnuniberof1.3million,butattheelementat
a Reynoldsnumberof2.5million,as indicatedbyfigures6(c)and6(d).

Thestriationswhicharevisibleinthephotographssuggestthat
vorticeshavingtheirsxesinthestresmdirectionarecreatedby the
flowoverthewire. Measurementsmadeonthephotogra~hsundera magni-
fyingglassindicatedthatthevortexspacingbecsmesmallerwitha
decreaseinwireheightand/orwiththeincreaseinReynoldsnumberfound
insidethebowwave. Similarstriationshavebeenmentionedinprevious
investigationson sweptwings(refs.7 and12),onconcavecurvedsur-
faces(refs.13,14,and15),andonrotatingdiscs(ref.12). Inrefer-
ence16 itwasdemonstratedthatvorticesCSXLbe producedby a wire
attachedtoa flatplatebutthattheeffectivecurvatureofthestresn
linesinducedby thiselementforwardoftheelementisinsufficientto
producethevorticesaccordingto G6rtler’stheory(refs.14 and15).
Thevorticesinthepresentinvestigationmayhavebeenproducedby
eithertheeffectofa concavecurvatureoftheboundary-lsyerflow
immediatelybehindthewireorby thethree-dimensionalflow.inducedby
thesweepofthewire by a mechanismsimilarto
reference12.

CONCLUDINGREMARKS

Lineartheorywiththemutualinterference
bodytslsenintoaccountgavea goodestimate,of
liftandpitching-momentcurveslopeswithMach

thatmentionedin

betweenthewingandthe
thevariationofthe
number.

Limiteddragmeasurementsmadeat a Machnumberof3.53anda
Reynoldsrnuiberof1.3”mi12ionindicatedthatthesizeofthesingle-
elementroughnessrequiredto fixtransitionat theelementwassolarge
as to createa dragincrementaboutfourtimestheadditionalskin-
frictiondragassociatedwitha turbulentboundarylayer.Flowoverthe
wireproducedwhatappearedtobe verticalflawintheformof small
regularlyspacedvorticeswiththeiraxesalinedwiththestreamdirec-
tion. Furtherinvestigationswillbe requiredtoestablishwhetherthe
effectivecurvatureoftheboundary-l~rflowbehinda wirecanproduce
vorticesorwhethera sweptwireona surfacecanproducevortices
similarto thosefoundon sweptwings.

AmesAeronauticalLaboratory
NationalAdvisoryComnitteeforAeronautics

MoffettField,Cal.if.,my 21,1958
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Figure 1.- A-2189(I
Model mountedinthe8-by 7-footsupersonictestsectionof

theAmesUnitaryPlanWindTunnel.
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(a) R . 1.3x@; ti.m= 20 min.
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figure 6.- Effect of different sizes of single-elementroughnesson the boundary-layerflow as
indicatedby azobenzene:M = 3.53. a = OO.. —.—.
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(c) R = 1.~06; time = 20 *.

Figure

A-22917,1

(d) R = 2.5x108; time = ~ min.
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